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The cellular recycling process of autophagy has been 
extensively characterized with standard assays in yeast and 
mammalian cell lines. In multicellular organisms, numerous 
external and internal factors differentially affect autophagy 
activity in specific cell types throughout the stages of 
organismal ontogeny, adding complexity to the analysis of 
autophagy in these metazoans. Here we summarize currently 
available assays for monitoring the autophagic process in the 
nematode C. elegans. A combination of measuring levels of 
the lipidated Atg8 ortholog LGG-1, degradation of well- 
characterized autophagic substrates such as germline P 
granule components and the SQSTM1/p62 ortholog SQST-1, 
expression of autophagic genes and electron microscopy 
analysis of autophagic structures are presently the most 
informative, yet steady-state, approaches available to assess 
autophagy levels in C. elegans. We also review how altered 
autophagy activity affects a variety of biological processes in 
C. elegans such as L1 survival under starvation conditions, 
dauer formation, aging, and cell death, as well as neuronal 
cell specification. Taken together, C. elegans is emerging as a 
powerful model organism to monitor autophagy while 
evaluating important physiological roles for autophagy in key 
developmental events as well as during adulthood. 


© Hong Zhang, Jessica T Chang, Bin Guo, Malene Hansen, Kailiang Jia, Attila L 
Kovacs, Caroline Kumsta, Louis R Lapierre, Renaud Legouis, Long Lin, Qun Lu, 
Alicia Melendez, Eyleen J O'Rourke, Ken Sato, Miyuki Sato, Xiaochen Wang, 
and Fan Wu 

*Correspondence to: Hong Zhang; Email: hongzhang@sun5.ibp.ac.cn 
Received: 09/15/2014; revised: 10/28/2014; Accepted: 12/09/2014 
http://dx.doi.org/10.1080/15548627.2014.1003478 


This is an Open Access article distributed under the terms of the Creative 
Commons Attribution-Non-Commercial License (http://creativecommons. 
org/licenses/by-nc/3.0/), which permits unrestricted non-commercial use, 
distribution, and reproduction in any medium, provided the original work is 
properly cited. The moral rights of the named author(s) have been asserted. 


www.tandfonline.com 


Introduction to Autophagy 


Macroautophagy (hereafter referred to as autophagy) is an 
evolutionarily conserved catabolic process, involving the engulf- 
ment of a portion of the cytosol in a double-membrane structure, 
called the autophagosome, and its subsequent delivery to the 
lysosome for degradation.'* Autophagy involves a series of 
dynamic membrane formation and fusion processes. Upon 
induction of autophagy, a crescent-shaped double-membrane 
sac, known as the phagophore, is initiated and formed; this sac 
further expands and eventually closes to generate a double-mem- 
brane compartment called the autophagosome. In higher eukar- 
yotes, nascent autophagosomes undergo a maturation process by 
fusing with endocytic vesicles to form amphisomes that further 
fuse with lysosomes to yield autolysosomes, in which the inner 
membrane of the autophagosome, together with the sequestrated 
materials, is degraded and recycled. In response to various stress 
conditions, autophagy nonselectively degrades bulk cytosol for 
cell survival. Autophagy can also selectively remove damaged or 
superfluous organelles, protein aggregates or invading pathogens, 
functioning as a quality control system. 

Genetic screens in Saccharomyces cerevisiae initially identified a 
set of ATG (autophagy-related) genes that are essential for the 
formation of autophagosomes, laying the groundwork for our 
understanding of the molecular mechanism of autophagy.’ Atg 
proteins form distinct complexes that act at different steps of 
autophagosome biogenesis.” The induction and nucleation of 
phagophores depends on the Atgl serine/threonine protein 
kinase complex, including Atgl, Atg13, and the Atg17-Atg31- 
Atg29 subcomplex, and the class III phosphatidylinositol 3- 
kinase Vps34 complex. Expansion of phagophores into autopha- 
gosomes requires 2 ubiquitin-like conjugation systems. First, the 
ubiquitin-like protein Atg8 is conjugated to phosphatidyletha- 
nolamine (PE) through the sequential actions of the E1-like 
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enzyme Atg7 and the E2-like conjugating enzyme Atg3, while the 
second ubiquitin-like protein Atg12 is conjugated to Atg5 via the 
actions of Atg7 and the E2-like enzyme Atg10. The Atg12-Atg5 
conjugates further associate with Atgl6 to form a multimeric 
complex, which regulates Atg8—PE conjugation and its localiza- 
tion. Following completion of autophagosomes, Atg8 on the 
outer membrane is cleaved off by the cysteine protease Atg4 and 
recycled, while Atg8 on the inner membrane is transported into 
the vacuole for degradation.’” In multicellular organisms, the 
autophagic machinery is more evolved and requires not only 
orthologs (or multiple orthologs) of yeast ATG genes but also 
genes whose homologs are absent in yeast but conserved in mam- 
mals.*"° Genetic screens in C. elegans have identified several meta- 
zoan-specific autophagy genes. For example, epg-3/VMP1 
epg-4/EI24 and epg-6/WIPI4 are 


involved in progression of omegasomes/phagophores into auto- 


(mammalian homolog), 


phagosomes, while epg-5/EPG5 is essential for the formation of 
degradative autolysosomes.*” Although many autophagy genes 
have been identified, how these genes act coordinately to mediate 
the formation and maturation of autophagosomes remains 
largely unknown. 


C. elegans as a Model to Study Autophagy 


Caenorhabditis elegans is a self-fertilizing hermaphrodite nema- 
tode species. Males, which arise spontaneously at low frequency 
(0.1%), can also fertilize hermaphrodites to produce cross prog- 
eny. The life cycle of C. elegans is comprised of the embryonic 
stage, 4 larval stages (L1-L4), and the reproductively mature adult 
stage, during which the animal will age and die within 2-3 wk in 
favorable conditions. When early larvae are exposed to harsh envi- 
ronmental conditions, they enter the dauer diapause, which ena- 
bles them to survive 4 to 8 times the normal 3-wk life span. C. 
elegans has many advantages for genetic analysis: it is transparent, 
small, easy to culture, amenable to genetic crosses, has a short 
reproductive cycle (~3 d) with hundreds of progeny per adult, an 
invariant cell lineage (959 somatic cells in hermaphrodites), a ste- 
reotypical developmental program, highly differentiated somatic 
tissues, and diverse behavioral and physiological phenotypes. Pow- 
erful genetic tools and mature methodologies such as forward 
genetic screens, generation of transgenic animals and RNA inter- 
ference (RNAi) in a tissue-specific fashion have been developed 
that have greatly facilitated research in C. elegans. These advantages 
make C. elegans an ideal genetic model to study a variety of biolog- 
ical processes, which can be extrapolated to research in more com- 
plex organisms. Indeed, studies of C. elegans developmental and 
physiological processes led to the discovery of the apoptotic cell 
death machinery, siRNA-mediated mRNA degradation, and 
miRNA-mediated gene silencing. Additionally, C. elegans has been 
instrumental in elucidating many well-conserved signaling path- 
ways, such as those involving RAS, WNT, INS (insulin)/IGF1, 
and TGFB. 

Autophagy in C. elegans occurs in many cell types and plays an 
essential role in many developmental and physiological processes, 
of animals under nutrient restricted 


including survival 
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conditions, removal of a variety of protein substrates, degenera- 
tion of 6 touch receptor neurons caused by toxic ion-channel var- 
iants, dauer formation, the aging process, and prevention of 
bacterial infection.*”'* These processes will be discussed in 
detail below. Autophagic removal of a variety of protein sub- 
strates during embryogenesis has established C. elegans as a model 
suitable for genetic screens for essential autophagy genes.*° In 
addition to highly conserved yeast Atg proteins, such genetic 
screens in C. elegans have identified metazoan-specific compo- 
nents of the basal autophagy pathway (Table 1), greatly expand- 
ing our molecular understanding of autophagy in higher 
eukaryotes.° Genes that are distantly related homologs of yeast 
ATG genes or that have no yeast counterparts include epg-1, -3, 
-4, -5, -6, -8, and epg-9. ©!” C, elegans also contains 2 homo- 
logs of yeast ATG4, ATG16, and ATG8, which confers another 
layer of complexity on the autophagic machinery. A detailed 
summary of the role of these genes in the autophagy pathway can 
be found in recent reviews.®'® Epistasis genetic analysis places 
these autophagy genes in a hierarchical order in the pathway for 
degradation of protein aggregates, a process known as aggrephagy 
(Fig. 1)° The sequential involvement of these genes in the 
agerephagy pathway in C. elegans resembles the hierarchical order 
of Atg/ATG proteins that are recruited to the autophagosome 


aeons . 19,20 
formation site in yeast and mammalian cells.’” 


Classical Assays to Monitor Autophagy 


Assays for monitoring autophagy activity have been exten- 
sively described in yeast and mammalian cell lines.”!*? Atg8/ 
LC3 (a mammalian Atg8 homolog) is widely used as a marker to 
monitor autophagy activity.*'?* The PE-conjugated form of 
Atg8/LC3 is localized to both the inner and outer membranes of 
the phagophore. Thus, Atg8/LC3 associates with autophagoso- 
mal membranes upon autophagy induction. Degradation of 
autophagy substrates such as SQSTM1/p62 (sequestosome 1) 
and ubiquitinated proteins in mammalian cells can also be used 
to monitor autophagy.”!*? Moreover, detailed morphological 
characterization of autophagic structures can be achieved by the 
high magnification and resolution images of transmission elec- 
tron microscopy (TEM).7!?? The complex and multistep 
autophagy process, however, cannot be analyzed by any single 
assay, especially those considered steady-state in nature and thus 
not reporting on autophagic flux per se. Instead, a combination 
of assays is required for measuring autophagy activity. 

Despite C. elegans emerging as an important model to study 
autophagy at the molecular level and to reveal functions of 
autophagy during development and in physiology, it is not easily 
amenable to the main methods of traditional autophagy studies 
such as cell fractionation and TEM.” In addition, studying 
autophagy in a multicellular organism is complicated by the het- 
erogeneity of cell types, spatial and temporal cell fates, and differ- 
ential response to stress conditions in different tissues. In order 
to study autophagy in C. elegans, researchers rely heavily, and in 
most cases solely, on the expression pattern of reporters for the 
Atg8/LC3 ortholog LGG-1. This assay has many limitations (see 
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Table 1. Autophagy genes in yeast, mammals and C. elegans. 


C. elegans ATG homolog(s) 


Yeast ATG gene Mammalian ATG homolog(s) gene mutant allele(s)?” Ref? 
ATG1 ULK1 unc-51 e369 85 
ATG2 ATG2A, ATG2B atg-2 bp576 5 
ATG3 ATG3 atg-3 bp412 7 
ATG4 ATG4A, ATG4B, ATG4C, ATG4D atg-4.1 bp501 26 
atg-4.2 tm3948° 26 
ATG5 ATG5 atg-5 bp484 27 
ATG7 ATG7 atg-7 bp422, bp290 7 
ATG8 LC3, GABARAP, GABARAPL1, GABARAPL2 Igg-1 bp500, tm3489 4,25 
Igg-2 tm5755 25 
ATG9 ATG9 atg-9 bp564 5 
ATG10 ATG10 atg-10 bp421 7 
ATG12 ATG12 Igg-3 tm1642 
ATG13 ATG13 epg-1 bp417 15 
ATG14 ATG14 epg-8 bp251, 0k2561 16 
ATGI6 ATG16L1, ATGI6L2 atg-16.1 gk6686154 27 
atg-16.2 bp636, 0k3224 27 
ATG17 RB1CC1 
ATG18 WIPI1, WIPI2, WIPI3, WIPI4 atg-18 bp594, gk378 4,31 
epg-6 bp242 5 
VPS30/ATG6 BECN1 bec-1 bp613, ok700 31, 86 
VPS34 PIK3C3 vps-34 h741 87 
VMP1 epg-3 bp405 4 
E124 epg-4 bp425 4 
EPG5 epg-5 bp450, tm3425 4 
ATG101 epg-9 bp320 17 
epg-2 bp287 4 
epg-7 bp586, tm2508 35 


*The null mutants for bec-1, epg-8, vps-34, atg-7, Igg-1 and Igg-3 are lethal. 


®bec-1(bp613) and atg-18(bp594) are hypomorphic mutants and exhibit a weaker defect in degradation of PGL granules and SQST-1 aggregates than their 


corresponding null mutants. 


“atg-4.2(tm3948) mutants show no defect in degradation of PGL granules and SQST-1 aggregates. 
4atg-16.1(gk668615) mutants show a very weak defect in degradation of PGL granules and SQST-1 aggregates. 
“The molecular lesions in each listed mutant and more mutant alleles for each gene can be found in the references. 


below) and cannot by itself serve as a marker to determine 
whether autophagy activity is elevated or impaired. Here we sum- 
marize currently available assays to monitor autophagy during C. 
elegans development and physiology, while pointing out their 
limitations. 


Monitoring Autophagy During C. elegans 
Embryogenesis 


specification and morphogenesis occur in a spatially- and tempo- 
rally specific pattern. According to their appearance, embryos can 
be classified into pre-comma, comma, 2-fold, 3-fold, and 4-fold 
stages. The surrounding eggshell is impermeable to most solutes. 
Consequently, the development of C. elegans embryos is indepen- 
dent of external nutrients and mainly relies on degradation of 
maternally-loaded yolk. Therefore, autophagy occurs under 


After passing from the oviduct into the eS 


spermatheca, mature oocytes become fer- 


tilized by fusion with sperm. Fertilized n o 
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N , Å aggregates @ = 

rounds of cell division (reaching approxi- WZ a 
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embryo is enclosed in a hard eggshell and 


laid through the vulva. The C. elegans 22 verte P autophagosome lysosome autolysosome 


remains the same size from the one-cell 
stage to the 558-cell stage, resulting in a 
gradual reduction of cell size. Cell-fate 


Figure 1. The hierarchical order of autophagy genes in the aggrephagy pathway. 
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physiological conditions without being affected by external nutri- 
ent availability in C. elegans embryos. 


LGG-1 puncta and levels of LGG-1 

C. elegans contains 2 Atg8 homologs, encoded by /gg-I and 
lgg-2, both of which are involved in autophagy. 107425 In wild- 
type C. elegans, LGG-1 is synthesized as a precursor that is proc- 
essed by the cysteine proteases ATG-4.1 and ATG-4.2 at a con- 
served glycine residue at amino acid 116, to release the final 7 C- 
terminal residues and generate LGG-1-I, which is further conju- 
gated to PE via the sequential actions of ATG-7 and ATG-3 to 
give rise to LGG-1-Il.”° Levels of LGG-1 and also formation of 
LGG-1 puncta can be examined to monitor autophagy during 
embryogenesis. 


Levels of LGG-1-I and -II 

Based on molecular weight and lipid modification status, 3 
forms of LGG-1, i.e., LGG-1 precursor, LGG-1-I and LGG-1- 
II, can be separated by SDS-PAGE (Fig. 2A). LGG-1 precursors 
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Figure 2. LGG-1 pattern during embryogenesis. (A) LGG-1 precursor, LGG-1-I (unlipidated form) and LGG-1-II (lipidated form) in wild-type and atg-4.1, 
epg-4 and atg-3 mutant embryos. (B-E) LGG-1 forms punctate structures at the ~100-cell stage ((B)and C), but these structures disappear at the comma 
| stage in wild-type embryos ((D)and E). ((B)and D) DAPI images of the embryos shown in ((C)and E), respectively. ((F)and G) LGG-1 puncta are absent in 
atg-3 embryos. (F) DAPI image of the embryo shown in (G). (H) LGG-1 accumulates into enlarged cluster-like structures in epg-4 embryos. (I-L) GFP::LGG- 
1 is largely diffuse in the cytoplasm with some punctate structures. ((I)and K) DIC images of the embryos shown in ((J)and L), respectively. (M-P) GFP:: 
LGG-1 forms aggregates in atg-3 mutant embryos, which colocalize with SQST-1 aggregates. Inserts show magnified views. (M) DAPI image of the 
embryo shown in (N-P). Scale bar: 5 um (B-P); 2.5 um (inserts in N-P). C. elegans embryos remain the same size during embryogenesis. Thus, the scale 


are absent in wild-type embryos, but accumulate in atg-4.1 
mutants (Fig. 2A). Both LGG-1-I and LGG-1-II are present in 
wild-type embryos, whereas LGG-1-II is undetectable in atg-3 
and atg-5 mutants (Fig. 2A).4?7 When autophagy is blocked at 
the step of autophagosome formation such as in epg-3, -4, and -6 
mutants, or at the maturation step such as in epg-5 mutants, lev- 
els of both LGG-1-I and LGG-1-II are elevated compared to 
wild-type animals (Fig. 2A).*°? LGG-1-II also accumulates in 
response to mutation of autophagy genes involved in autophago- 
some formation, including in UNC-51/Atgl kinase complex 
mutants, VPS-34 PtdIns3P lipid kinase complex mutants, and in 
atg-18 and atg-9 mutants.*!°!” Therefore, an increase in levels 
of lipidated LGG-1 can result from a block of autophagy. 
Cautionary notes: In immunoblotting assays, LGG-1-II 
migrates faster than LGG-1-I and can be separated by 13% SDS- 
PAGE without special treatments or other gel conditions such as 
the inclusion of urea. LGG-1-I is stable and appears not to be 
affected by sample preparation through repeated freeze-thaw 
cycles. Levels of LGG-1-I vary at different developmental stages. 


Anti-LGG-1 


wild type 


Anti-LGG-1 Anti-LGG-1 
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For immunoblotting assays, embryos need to be synchronized, 
which can be roughly achieved by growing the embryos after 
bleaching gravid hermaphrodites. Wild-type embryos at the same 
stage should serve as a control to compare LGG-1-I] levels. 
Detection of LGG-1 levels by immunoblotting assays can be 
complicated by the heterogeneity of cell types in embryos. For 
example, the large accumulation of LGG-1-II in a few cells can- 
not be differentiated from a smaller increase of LGG-1-II in a 
larger number of other cells. Also, as noted above, impaired 
autophagy could lead to accumulation of LGG-1-II; thus, other 
assays are required for measuring autophagy. 


Anti-LGG-1 staining and GFP::LGG-1 puncta 

Immunostaining with anti-LGG-1 antibody or expression of 
the GFP::LGG-1 reporter can be examined to monitor distribu- 
tion of total LGG-1 in C. elegans embryos.*!°* During embryo- 
genesis, LGG-1 puncta, detected by anti-LGG-1, display a 
dynamic pattern. LGG-1 puncta are mostly formed between the 
~100 and 200-cell stages (Fig. 2B-E). The number of puncta 
dramatically decreases as development proceeds with a minimum 
detected at the 4-fold stage.’ 

In addition to the 100- to 200-cell stages, LGG-1-positive 
structures are formed intensively around penetrating sperm com- 
ponents in early one-cell-stage embryos.””*” These LGG-1-posi- 
tive structures appear approximately 20 min after fertilization 
(during meiosis II) and first cluster around the paternal DNA. 
They start to disperse in the cytoplasm during pronuclear break 
down, are randomly distributed to blastomeres, and gradually 
disappear by the 8-cell stage. These LGG-1-labeled structures, 
which are larger than those formed in the later embryonic stages, 
specifically engulf paternal mitochondria and membranous 


(MOs), which post-Golgi 
29,30 


organelles are sperm-specific 
organelles. 

LGG-1 exhibits distinct patterns in different autophagy 
mutants. In mutants of atg-3 and atg-7, which are required for 
LGG-1 conjugation to PE, no LGG-1 puncta are detected 
(Fig. 2F and G), indicating that LGG-1-II accumulates on 
autophagic structures and contributes to the formation of LGG- 
1 puncta.* Consistent with this, mutant LGG-1(G116A), in 
which the glycine at position 116 is mutated to alanine, pre- 
venting PE-conjugation, is diffusely localized in the cytoplasm 
and does not form puncta.*? LGG-1 puncta are also absent in 
atg-5 and atg-10 mutants.” In mutants of the Atgl complex, 
including unc-51/ULK1, epg-I/ATG13, and epg-WATGIO1, 
LGG-1 puncta are absent in most cells, but LGG-1 accumulates 
into large aggregates in several cells.'’ The identity of these 
LGG-1-positive structures has yet to be characterized. In 
mutants of the PtdIns3K complex, including epg-8/ATG14 and 
bec-1/BECNI, LGG-1 forms puncta, but the intensity is 
weaker.° In epg-3, epg-4, epg-6, and atg-2 mutants, which have 
defects in the progression of omegasomes to autophagosomes, 
LGG-1 puncta dramatically accumulate and form cluster-like 
structures that are largely colocalized with protein aggregates 
(Fig. 2H). LGG-1 puncta also accumulate in other autophagy 
mutants, including atg-18 and epg-5.*° In these autophagy 
LGG-1 puncta persist late stages of 


mutants, into 


www.tandfonline.com 


embryogenesis. ogt-1 mutant embryos, which show elevated 
autophagy activity, also exhibit increased numbers of LGG-1 
puncta.?' Therefore, an increase in the number of LGG-1 
puncta during embryogenesis could be due to either impaired 
or elevated autophagy activity. 

GFP::LGG-1, driven by its own promoter, also exhibits a 
dynamic pattern resembling endogenous LGG-1 puncta during 
embryogenesis in wild-type animals (Fig. 2I-L). GFP::LGG-1 is 
largely diffuse in the cytoplasm but forms some punctate struc- 
tures, which are still present in comma stage embryos (Fig. 2K 
and L).’ GFP::LGG-1 accumulates in the autolysosomes in cup- 
5 mutants, which show impaired lysosomal function.** The auto- 
phagosomes enclosing sperm components in early stage embryos 
can also be labeled by GFP::LGG-1, and thus, strong accumula- 
tion of the GFP signal is visible in the posterior pole of the 1- 
cell-stage embryo.’ In addition, several small GFP::LGG-1-posi- 
tive puncta are observed in the cytoplasm of oocytes and early 
embryos, which may represent basal autophagic activity. In atg-3 
and atg-7 mutants, in which LGG-1 puncta detected by anti- 
LGG-1 are absent, GFP::LGG-1 still forms aggregates that coloc- 
alize with protein aggregates that can be labeled by the C. elegans 
SQSTM1-related protein SQST-1 (Fig. 2M-P).’° This indicates 
that GFP::LGG-1, like GFP::LC3 in mammalian cells, can also 
be incorporated into protein aggregates. Therefore, under certain 
circumstances, GFP::LGG-1 may not serve as a reliable marker 
to determine autophagy activity during embryogenesis. 

Cautionary notes: The number of LGG-1 puncta varies dra- 
matically during embryogenesis and thus embryos at the same 
developmental stage should be compared. An increased number 
of LGG-1 puncta and levels of PE-LGG-1 can result from either 
a block in or induction of autophagic activity and can be detected 
in mutants with a defect in early steps of autophagosome forma- 
tion (i.e., accumulation of enlarged phagophore membranes in 
epg-3 and epg-4 mutants) or in a late step of the autophagy path- 
way such as defective autolysosome function. Furthermore, lipi- 
dated LGG-1 also accumulates on unknown structures such as in 
mutants of the Atg] complex.” Therefore, LGG-1 puncta for- 
mation should not be used as the sole marker for assaying 
autophagy, as is the case in mammalian cells.*’”? Furthermore, 
GFP::LGG-1 transgenes, which may cause overexpression of /gg- 
1, might interfere with autophagy (as shown in other species). 
When possible, antibody staining should be preferred and the 
overexpression level should be minimized using endogenous pro- 
moters and single-copy transgenes. 


Analyses of autophagosomes using LGG-2 

LGG-2 has been much less characterized than LGG-1, but it 
can be used as a convenient alternative marker to monitor 
autophagy activity during development.” Unlike /gg-1, lgg-2 
is not essential for development and fertility (Table 1). 

Immunostaining with anti-LGG-2 antibodies or expression of 
a GFP::LGG-2 reporter can be examined to monitor distribution 
of LGG-2 in C. elegans embryos or larvae (Fig. 3A).74> The num- 
ber of LGG-2 puncta is altered in mutants that affect autophagy 
(e.g., atg-7 or epg -3, -4, -5) (Fig. 3A and B). Electron microscopy 
has shown that LGG-2 is localized on autophagic membranes and 
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Figure 3. LGG-2 puncta during embryogenesis. ((A)and B) Confocal images of LGG-1 (red) and LGG-2 (green) in wild-type and epg-3 1-cell embryos. (C) 
Western blot of protein extracts from mixed-stage GFP::LGG-2 and GFP::LGG-2°'? transgenic worms incubated with anti-GFP antibody. (D) Electron 
micrographs of GFP::LGG-2 embryos incubated with anti-GFP antibodies. The right panel shows a magnified view of the autophagosome. Scale bar: 
200 nm. ((E)and F) Confocal images of GFP::LGG-2 and GFP::LGG-29'3% in 500-cell embryos. GFP::LGG-2 localizes in both a punctate and a diffuse pattern 
while GFP::LGG-2°'* is diffusely localized in the cytosol. This figure was previously published in references 24 and 25 and is reproduced by permission 


of Elsevier and Landes Bioscience. 


can be detected early during the elongation of phagophores 
(Fig. 3D).”? Immunofluorescence analysis revealed the presence 
of 3 types of punctate structures in the embryo, LGG-1-positive 
puncta, LGG-2-positive puncta, and double-positive puncta,” 
indicating that they could define different types of autophagic 
structures or that LGG-1 and LGG-2 are sequentially recruited to 
autophagic structures. Western blot analysis of animals expressing 
GFP::LGG-2 shows a major GFP-positive band corresponding to 
the fusion proteins and 2 additional minor bands, which could 
correspond to post-translational modifications, but the lipidated 
form has not been formally identified (Fig. 3C). The nonconju- 
gatable GFP::LGG-2°!%" exhibits a diffuse localization pattern 
in the cytoplasm (Fig. 3E and F). 

Cautionary notes: Analyses of LGG-2 levels by immunoblot- 
ting and GFP::LGG-2 should be interpreted with the same pre- 
cautions as those for LGG-1. The number of LGG-2 puncta 
varies during development and thus animals at the same develop- 
mental stage should be compared. Antibodies against LGG-2 
have only been used to characterize autophagy in the early 
embryo, and their specificity at other developmental stages 
remains to be determined. Because the process of lipidation of 
LGG-2 has not been further investigated, western blot analyses 
of GFP::LGG-2 alone are not sufficient to make conclusions 
about autophagic flux. 


Monitoring autophagy substrates 

During C. elegans embryogenesis, a variety of protein sub- 
strates, including PGL granules (containing the germline P gran- 
ule components PGL-1 and PGL-3 and the receptor protein 
SEPA-1) and SQST-1, are degraded by autophagy.*” Thus, lev- 
els of these autophagy substrates can be determined to monitor 
autophagy. The morphology and distribution pattern of these 
protein substrates are distinct in different autophagy mutants, 
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and this has been used to establish the hierarchical order of 
autophagy genes in the aggrephagy pathway.” 


P-granule proteins PGL-1 and PGL-3 

During C. elegans embryogenesis, maternally-loaded P gran- 
ules are exclusively localized in germline precursor cells (Fig. 4A 
and B).°* During early asymmetric divisions that give rise to the 
germline precursor cells P1, P2, P3, and P4, P granules are also 
partitioned into somatic blastomeres but are quickly removed.”*? 
The P granule components PGL-1 and PGL-3 are selectively 
removed from somatic cells by autophagy.’ In autophagy 
mutants, PGL-1 and PGL-3 accumulate into aggregates in 
somatic cells (Fig. 4C and D).’ Formation of PGL-1 and PGL-3 
granules in somatic cells can be detected by immunostaining 
using anti-PGL-1 and PGL-3 antibodies or by following the cor- 
responding gfp reporters. Levels of PGL-1 and PGL-3 can also be 
determined by immunoblotting assays using embryonic extracts. 

Cautionary notes: Endogenous PGL granules, detected by 
anti-PGL-1 and PGL-3 antibodies, are absent in somatic cells in 
wild-type embryos. However, the widely used gfp::pgl-1 reporter, 
which is driven by the germline-specific pie-J promoter, is non- 
specifically expressed in hypodermal cells at late embryonic 
stages, resulting in the formation of some small GFP::PGL-1 
aggregates. Thus, early embryos, i.e., comma stage or earlier, 
should be used for detecting somatic GFP::PGL-1 granules, 
before gfp::pgl-1 is expressed ectopically. The experiments should 
be performed at 20 °C, since PGL-1 and PGL-3 form aggregates 
in somatic cells if the embryos are raised at higher temperatures. 

In addition to autophagy mutants, somatic-to-germline cell 
fate transformation mutants also show formation of P granules in 
somatic cells. For example, somatic cells adopt germline cell traits 
in /in-35 and other synthetic multivulva (synMuv) B mutants or 
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in animals with impaired proteasome activity.’** In cell fate 
transformation mutants, P granules are present in a subset of cells 
(e.g., hypodermal cells and intestinal cells) at the larval stage and 
usually have a perinuclear localization, while P granules are 
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dispersed in the cytoplasm in most, if not all, somatic cells in 
autophagy mutant embryos. 

During C. elegans embryogenesis, germ blastomeres, especially 
P1 (at the 2-cell stage) and P2 (at the 4-cell stage), contain a 
huge amount of P granules. P4 divides once to generate 2 germ 
precursor cells, Z2 and Z3, which remain quiescent during 
embryogenesis. P granules persist in Z2 and Z3 throughout 
embryogenesis. To determine levels of PGL-1 and PGL-3 in 
immunoblotting assays, embryos after the generation of the Z2 
and Z3 cells (at the ~100 cell stage) should be used to minimize 
the relative contribution of PGL-1 and PGL-3 from germline 
cells. Z2 and Z3 proliferate from the late L1 stage onward to gen- 
erate germ cells, in which P granules are synthesized. These germ 
cells, which increase in number as development proceeds, are 
stored in the gonad. Thus, larval animals should be separated 
from embryos in immunoblotting assays. 


The receptor protein SEPA-1 

The self-oligomerizing protein SEPA-1 acts as the receptor for 
the formation of PGL-1 and PGL-3 granules and also for their 
autophagic degradation.’ SEPA-1 directly associates with PGL-3 
and LGG-1.’ SEPA-1 is also selectively removed by autophagy, 
which is independent of PGL-1 and PGL-3.’ In wild-type 
embryos, the number of SEPA-1 aggregates is dramatically 
decreased as development proceeds. A large number of SEPA-1 
ageregates are detected at the ~100-cell stage and only a few 
SEPA-1 aggregates remain at the 200-cell stage (Fig. 4E and F). 
SEPA-1 aggregates disappear from the comma stage onward 
(Fig. 4G and H).’ Inhibition of autophagy causes accumulation 
of SEPA-1 into a large number of aggregates that persist through- 
out embryogenesis (Fig. 4I and J)’ In autophagy mutants, 
SEPA-1 completely colocalizes with PGL-1 and PGL-3 in 
somatic cells, forming aggregates termed PGL granules.’ SEPA- 
1::GFP exhibits the same dynamic distribution pattern as endog- 
enous SEPA-1 detected with an anti-SEPA-1 antibody.’ Levels 
of SEPA-1 or SEPA-1::GFP in embryonic extracts can also be 
determined in immunoblotting assays. Elevated autophagy activ- 
ity during embryogenesis may facilitate the removal of SEPA-1, 
resulting in a decreased number of SEPA-1 aggregates in early 
stage mutant embryos compared to wild-type embryos at the 
same stage (H. Zhang, unpublished data). 

Cautionary notes: SEPA-1 exhibits a dynamic pattern during 
embryogenesis, so embryos at the same developmental stages 


Figure 4. Various protein aggregates are degraded by autophagy during 
embryogenesis. ((A)and B) PGL-1 granules are restricted to germ precur- 
sor cells Z2 and Z3 in wild-type embryos. ((C)jand D) PGL-1 granules 
accumulate in somatic cells in atg-3 mutant embryos. ((E)and F) SEPA-1 
forms spherical aggregates at the ~100 cell stage in wild-type embryos. 
((G)and H) SEPA-1 aggregates disappear in wild-type comma stage 
embryos. ((and J) SEPA-1 aggregates accumulate in atg-3 mutant 
embryos throughout embryogenesis. ((K)and L) No SQST-1 aggregates 
are detected in wild-type embryos. ((M)and N) SQST-1 accumulates into 
numerous aggregates in atg-3 mutant embryos. (A, C, E, G, I, K, and M) 
DAPI images of the animals shown in (B, D, F, H, J, L, and N), respec- 
tively. Scale bar: 5 um (A-N). 
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should be used for analysis. SEPA-1 is zygotically synthesized and 
is absent in germline cells.’ Thus, unlike P granules, SEPA-1 does 
not accumulate in somatic-to-germ cell fate transformation 
mutants. To determine levels of SEPA-1 in an immunoblotting 
assay, extracts of late-stage embryos should be used, as a large 
number of SEPA-1 aggregates are present in early-stage embryos. 


The receptor protein SQST-1 

SQST-1 exhibits sequence similarity to mammalian SQSTM1 
and is also degraded by autophagy.* Unlike SEPA-1, which forms 
ageregates in early stage embryos, SQST-1 is weakly expressed 
and diffusely localized in the cytoplasm throughout embryogene- 
sis (Fig. 4K and L).í Blocking autophagy increases the levels of 
SQST-1 and also results in accumulation of a large number 
of SQST-1 aggregates (Fig. 4M and N).* In autophagy mutants, 
SQST-1 aggregates are evident from the 64- to ~100-cell stages 
onward and persist throughout embryogenesis. SQST-1::GFP 
exhibits the same expression pattern as endogenous SQST-1 as 
detected by the anti-SQST-1 antibody. “ 

In different autophagy mutants, SQST-1 aggregates and PGL 
granules exhibit distinct morphologies and distribution patterns. 
In mutants with defects in the 2 ubiquitin-like conjugation sys- 
tems, the UNC-51-EPG-1-EPG-9 (Atgl) complex and the 
PtdIns3K (Vps34) complex, SQST-1 aggregates are spherical 
and dispersed in the cytoplasm, and are separable from PGL 
granules.° In epg-3, -4, -6, and atg-2 mutants, which block auto- 
phagosome formation, SQST-1 aggregates and PGL granules are 
irregular in shape and form cluster-like structures.” These dis- 
tinct phenotypes can be used for genetic epistasis analysis. 

Accumulation of SQST-1 aggregates and PGL granules in 
hypomorphic autophagy mutants can be suppressed by elevated 
autophagy. For example, overexpression of EPG-6 suppresses the 
accumulation of PGL granules in atg-3 hypomorphic mutants.” 
This assay, together with monitoring the number of LGG-1 
puncta and SEPA-1 removal, can be applied to determine 
whether autophagy activity is elevated during embryogenesis. 

Cautionary notes: SQST-1 accumulates in dead embryos with 
abnormal morphogenesis. Properly developed embryos should be 
used to examine the expression pattern of SQST-1. Embryos at 
the same developmental stage should be used for analysis of sup- 
pression of protein aggregate accumulation in hypomorphic 
autophagy mutants, as the number of protein aggregates varies 
during embryogenesis. 


Other protein aggregates 

In C. elegans, a group of coiled-coil domain-containing pro- 
teins, including C35E7.6, ZK1053.4, T04D3.1, T04D3.2, and 
F44F1.6, show limited sequence similarity to SEPA-1. These 
proteins are also degraded by autophagy during embryogenesis.’ 
In loss of autophagy activity mutants, levels of these proteins are 
dramatically increased and accumulate into aggregates. 5715-17 
ZK1053.4 and C35E7.6 colocalize with SQST-1 aggregates, 
while T04D3.1, T04D3.2 and F44F1.6 aggregates are distinct 
from SQST-1 aggregates in autophagy mutants.*” Thus, loss of 
autophagy activity causes accumulation of different types of pro- 
tein aggregates during C. elegans embryogenesis. 
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Cautionary notes: Loss-of-function of essential autophagy 
genes causes a defect in degradation of PGL granules, SQST-1 
ageregates and other protein aggregates as described above, but 
some factors confer selectivity on autophagic degradation, and 
loss of function of these genes results in a defect in degradation 
of certain types of protein aggregates. For example, mutations in 
epg-2 cause a defect in removal of PGL granules, but have no 
effect on degradation of SQST-1, whereas mutations in epg-7 
cause a defect in degradation of SQST-1 but not PGL gran- 
ules.’ EPG-2 and EPG-7 function as scaffold proteins that 
link protein aggregates with the autophagic machinery.**’ Thus, 
different substrates, including PGL granules and SQST-1 aggre- 
gates, should be examined to determine whether a gene is gener- 
ally required for autophagy. 


Selective removal of paternal mitochondria and MOs during 
embryogenesis 

Paternal mitochondria and membranous organelles (MOs) are 
engulfed by autophagosomes soon after fertilization and 
degraded by the 8-cell stage.””°° This type of autophagy has 
been termed allogeneic (non-self) organelle autophagy, or alloph- 
agy. Allophagy is required for complete elimination of paternal 
mitochondrial DNA from embryos in C. elegans. Ubiquitination 
has been observed on MOs preceding autophagosome formation, 
although it has not been determined whether this ubiquitination 
is functionally required for allophagy. In contrast to MOs, no 
obvious ubiquitination has been observed in paternal mitochon- 
dria.” Degradation of paternal organelles is inhibited by 
mutations or RNAi of core autophagy genes such as unc-51, atg- 
5, atg-7, atg-18, and lgg-1, and paternal organelles remain in 32- 
cell stage embryos or later stages as small puncta. In /gg-1 and 
atg-18 knockout mutants, paternal mitochondria are detectable 
even in L1 larvae. The number of paternal mitochondria does 
not increase in autophagy mutants, suggesting that they lose their 
ability to proliferate. It is difficult to convincingly detect pater- 
nally-inherited mitochondria in L2 or later-stage animals because 
the body mass expansion dilutes the signal. 

To visualize paternal mitochondria, males can be stained with 
MitoTracker Red CMXRos and crossed with unstained her- 
maphrodites.”?* o Alternatively, transgenic worms expressing 
mitochondria-targeted GFP fusion proteins (HSP-6::GFP or 
ANT-1.1::GFP) under control of a sperm-specific promoter can 
be used.?”™? MOs are detected using the monoclonal antibody 
1CB4 or SP56 that specifically stains MOs.*°” The autophagic 
degradation of paternal mitochondria can be examined by moni- 
toring the degradation of paternal mitochondrial DNA 
(mtDNA) using a PCR-based method. In particular, a large dele- 
tion mutant of mtDNA (waDf>) can be used to detect male 
mtDNA.°® uaDf> is stably maintained in a heteroplasmic state 
with the wild-type mtDNA (uaDf5/+; approximately 60% of 
mtDNA harbors the deletion in each individual) and can be dis- 
tinguished from wild-type mtDNA by using PCR. When waDf5/ 
+ males are crossed with hermaphrodites, waDf5 is not normally 
transmitted to the next generation because of autophagy-depen- 
dent degradation of paternal mitochondria. However, in the 
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autophagy mutant background, paternal waDf> is detectable in 
the F1 embryos or larvae. 

Cautionary notes: To detect paternal organelles or mtDNA in 
F1 larvae, hermaphrodites and males derived from the same 
autophagy mutants should be used. When males and hermaphro- 
dites are crossed, autophagosome formation at the 1-cell stage 
depends on the autophagic activity of oocytes. However, the 
genotype of the males could affect the results. When wild-type 
males are crossed to autophagy-defective mutant hermaphrodites, 
autophagy is not induced in the F1 1-cell stage embryos, but is 
rather activated in later-stage embryos because of the paternally 
provided wild-type allele. In this situation, the degradation of 
paternal organelles is delayed, but eventually occurs in late-stage 
embryos, probably because of nonselective autophagic turnover 
of cytoplasmic components or normal allophagy that occurs later 
or more slowly once the paternal genome is expressed. 


Monitoring Autophagy at Post-Embryonic Stages 


After hatching, C. elegans go through 4 larval stages (called L1- 
Lá), separated by molting, before developing into sexually 
mature adults. Unlike embryos, larvae and adult animals rely on 
external nutrients for development. In larvae and adult animals, 
hypodermis, seam cells and intestinal cells have so far been exten- 
sively characterized for autophagy phenotypes. 


LGG-1 puncta and levels of LGG-1 

In well-fed, wild-type animals, GFP::LGG-1 is diffusely local- 
ized in various tissues at larval and adult stages (Fig. 5A,B,D and 
E). Upon starvation, GFP::LGG-1 puncta increase in hypoder- 
mis, seam cells, and intestinal cells, representing an increase in 
autophagy (Fig. 5C and F). Accumulation of GFP::LGG-1 
puncta can also result from a block in autophagy flux. Numerous 
GFP::LGG-1 puncta accumulate in epg-6 and epg-5 mutants, in 
which autophagy is blocked at the formation of autophagosomes 
and degradative autolysosomes, respectively (Fig. 5G). A large 
number of GFP::LGG-1 puncta accumulate in multiple tissues 
in atg-3 mutants at the L1 larval stage (Fig. 5H), but largely dis- 
appear at late larval stages (Fig. 51). Similar to the embryo, both 
an increase or decrease in autophagy can cause increased levels of 
LGG-1-II in an immunoblotting assay.*?“° Thus, in addition to 
formation of GFP::LGG-1 puncta and levels of LGG-1-II, other 
assays, including degradation of substrates such as SQST-1, 
should be examined to determine autophagic flux.” C. elegans 
are enclosed by a cuticular structure that is impermeable to anti- 
bodies. For immunostaining assays, larvae and adult animals can 
be cut in the middle and then stained with anti-LGG-1.°?*° 
Compared to immunostaining with anti-LGG-1, the GFP:: 
LGG-1 reporter is much more convenient for analyzing the 
expression pattern of LGG-1. 

When an increase in GFP::LGG-1 puncta is observed, this 
condition could be further tested in autophagy-compromised 
animals such as autophagy mutants or with RNAi-mediated 
autophagy inhibition. While use of RNAi is very powerful for 
inhibition of autophagy in C. elegans, one generation of 
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autophagy RNAi is usually not sufficient to see effects on the 
GFP::LGG-1 reporter in larvae or in adults.’ However, acute 
inhibition of autophagy, specifically in adult animals, can be 
done using the autophagy inhibitor bafilomycin A,,“1"** which is 
commonly used in mammalian systems to inhibit acidification of 
autolysosomes.”' Bafilomycin A, can be injected into adult wild- 
type worms and an increase in the number of autophagosomes 
can be observed in as few as 2 h post-injection as determined by 
an increase in GFP::LGG-1 puncta in the seam cells of wild-type 
animals, consistent with a block in autophagy”! (Fig. 6A and B). 

Cautionary notes: Formation of GFP::LGG-1 puncta is sensi- 
tive to a variety of stresses, including starvation and contamina- 
tion. The GFP::LGG-1 reporter is also sensitive to the type of 
anesthetics used to mount the transgenic animals; very few LGG- 
l-puncta are observed in animals mounted in 0.1% NaN3, 
whereas levamisole or tetramisole hydrochloride both cause 
noticeable levels of puncta within 5-10 min of mounting the 
animals (Fig. 7A-F). When scoring GFP::LGG-1-positive 
puncta in the intestine of adult animals, autofluoresence is an 
issue. Use of confocal microscopy to restrict the excitation and 
emission wavelengths can alleviate this problem to some degree. 

As noted above, an increase in the number of GFP::LGG-1 
puncta may result from either elevated or impaired autophagic 
flux.” Therefore, the formation of GFP::LGG-1 puncta 
should be carefully interpreted and autophagy in larvae or adults 
should be examined by additional methods, including bafilomy- 
cin A, treatment, monitoring the degradation of autophagy sub- 
strates and electron microscopy. 


Autophagy substrates in the intestine and hypodermal cells 

In wild-type animals, SQST-1::GFP is weakly expressed at the 
larval and adult stages (Fig. 8A and B). In autophagy mutants, 
SQST-1::GFP accumulates into a large number of aggregates in 
multiple tissues, including the epidermis, neurons and intestine 
(Fig. 8C and D). Autophagy activity is induced in response to a 
variety of stresses. In epg-7 mutants, accumulation of SQST-1:: 
GFP in larvae can be suppressed by the inactivation of LET-363/ 
TOR signaling or by starvation.” Levels of SQST-1::GFP can 
also be determined in an immunoblotting assay.“ 

W07G4.5::GFP, a nematode-specific protein, is also selec- 
tively removed by autophagy at post-embryonic stages.” 
W07G4.5::GFP is mainly expressed in the intestinal cells and 
forms aggregates that are localized in the cytoplasm and also in 
the nuclei at larval stages.*? In autophagy mutants, W07G4.5:: 
GFP is present at dramatically elevated levels and forms more 
aggregates in the intestine.” W07G4.5::GFP aggregates dramati- 
cally decrease upon induction of autophagy in response to stimuli 
of LET-363/TOR 


starvation or inactivation 


35,40 


such as 
signaling. 

Cautionary notes: Accumulation of SQST-1::GFP may also 
result from a defect in autophagy-unrelated processes. For exam- 
ple, SQST-1::GFP can label damaged organelles or protein 
ageregates (see the section below on rp/-43) that do not result 
from impaired autophagy activity. Thus, additional assays, such 
as GFP::LGG-1 puncta and levels of LGG-1-II, should be ana- 


lyzed to examine autophagy. 
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Figure 5. GFP:LGG-1 pattern at post-embryonic stages. (A and B) GFP::LGG-1 is diffusely localized in the hypodermis of wild-type animals. (A) DIC image 
of the animal shown in (B). (C) GFP::LGG-1 forms numerous small punctate structures in the hypodermis after the animals are starved for 4 h. (D and E) 
GFP::LGG-1 is diffusely localized in seam cells of wild-type animals. (D) DIC image of the animal shown in (E). (F) GFP::LGG-1 forms many small punctate 
structures in the seam cells after the animals are starved for 4 h. Inserts show magnified views. (G) Numerous GFP::LGG-1 punctate structures are 
observed in the intestine of epg-5 mutants. L4 larvae are shown in (A-G). (H and I) A large number of GFP::LGG-1 puncta accumulate in atg-3 mutants at 
the L1 larval stage (H), but largely disappear at late larval stage (I). Scale bars: 20 um (A-C, G-I); 10 um (D-F); 10 um (inserts in (B and C); 5 um (inserts 


in (E and F). 


SQST-1::GFP aggregates in epg-7 mutant larvae and also 
W07G4.5 aggregates in wild-type larvae are removed by autoph- 
agy induced by a variety of stresses. Therefore, all strains need to 
grow under nutrient-rich and contamination-free conditions. 
The number of aggregates also varies at different developmental 
stages; therefore, animals at the same larval/adult stage should be 
compared. As some mutations or treatments could delay growth, 
animals should be synchronized by developmental, not chrono- 
logical, age. 


GFP::LGG-1 


Figure 6. Bafilomycin A, treatment increases GFP::LGG-1 puncta in seam cells of adult animals. (A) A 
few GFP::LGG-1 puncta form in seam cells in DMSO-treated wild-type day 1 adult animals. (B) The 
number of GFP::LGG-1 puncta dramatically increases after bafilomycin A, (Baf A) treatment for 2 h in 
wild-type day 1 adult animals. Arrows point to puncta. Scale bar: 5 um. 
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Suppression of SQST-1 aggregates in rp/-43 mutants 

rpl-43 encodes the 60S ribosomal protein L37, and detection 
of SQST-1 aggregates in rp/-43 mutants can be another assay to 
determine autophagy activity. rpl-43(bp399) hypomorphic 
mutants show accumulation of SQST-1::GFP aggregates 
(Fig. 9A and B).*° Unlike in autophagy mutants, SQST-1 aggre- 
gates are restricted to intestinal cells in rp/-43(bp399) mutants.*° 
Loss-of-function of rp/-43 does not cause a defect in the degrada- 
tion of other autophagic substrates, including C35E7.6, 
ZK1053.4, SEPA-1, PGL-1, and PGL-3.*° Thus, rp/-43 is not 
an essential autophagy gene. SQST-1 
aggregates in rp/-43 intestinal cells are 
removed by elevated autophagy, 
induced by starvation, inactivation of 
LET-363/TOR signaling, © DAF-2/ 
IGFIR (insulin-like growth factor 1 
receptor) signaling, SMA-6-MAB-31 
(Sma-Mab) TGFB signaling and LIN- 
35/RB1 signaling, and also by ER stress 
and mitochondrial stress (Fig. 9C-F).*° 

Cautionary notes: The number of 
intestinal SQST-1 aggregates in rp/-43 


mutants is very sensitive to a variety of 


GFP::LGG-1 
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stresses. For example, accumulation of 
SQST-1 aggregates in rp/-43 mutants, 
is suppressed by high temperature 
(25°C), starvation, or bacterial con- 
tamination. rp/43 mutants must be 
grown under well-fed, noncontami- 
nated conditions at 20°C. Partial loss 
of function of some essential autoph- 
agy genes, including components of 
the ESCRT complex (Agrs-1, ups-37) 
and subunits of the NAC complex 
(icd-1 and icd-2), also suppress the rpl- 
43 phenotype.*”° This is probably 
because partial inactivation of these 
genes poses a stress on the animal that 
further induces autophagy activity. 


Transcriptional regulation of 
autophagy 

Autophagy gene expression can eas- 
ily be measured in adult animals using 
standard quantitative PCR methods. 
For example, in response to inhibition 
of LET-363/TOR signaling or dietary 
restriction, an increase in mRNA lev- 
els of multiple autophagy genes (e.g., 
lgg-1 and atg-18) is observed.“ 
LET-363/TOR regulates autophagy 
gene expression, in part via the helix- 
loop-helix transcription factor HLH- 
30, an ortholog of mammalian 
TFEB.** In response to LET-363/ 
TOR HLH-30/TFEB 
translocates to the nucleus in the intes- 


inhibition, 


tine of the adult animal, as visualized 
by a  HLH-30::GFP reporter 
(Fig. 10A and B). As such, this trans- 
genic strain can be used as an indirect 
assay to study autophagy induction. 

Cautionary notes: As for quantita- 
tive PCR experiments in general, it is 
important to normalize gene expression 
to multiple control genes (e.g.,, act-1, cyn-1, ama-1, nhr-23, pmp-3, 
and cde-42). HLH-30 nuclear translocation needs to be performed 
while carefully controlling for temperature because small changes 
in temperature will cause HLH-30 nuclear translocation.“ Note 
also that since HLH-30/TFEB regulates additional genes besides 
autophagy genes, ‘> it is possible that HLH-30 has autophagy- 
independent outputs. 


Transmission electron microscopy 
Unlike in yeast and mammalian systems, TEM has been rela- 
tively underutilized in C. elegans autophagy research.” In prin- 
ciple, TEM (including immuno-electron microscopy) can be 
applied to visualize all forms of autophagy in all developmental 
and physiological processes in C. elegans. 
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Figure 7. GFP::LGG-1 pattern in L3 larva using different mounting methods. (A) GFP::LGG-1 is largely dif- 
fuse in seam cells of L3 larvae mounted with M9 medium on a 2% agarose pad. These animals are not 
paralyzed. (B) GFP::LGG-1 is largely diffuse in seam cells of fully anesthetized L3 larvae mounted in a 
final concentration of 0.1 % (w/v; ~150 mM) NaN3 in M9 medium on a 2% agarose pad with the same 
concentration of NaN3. (C-D) GFP::LGG-1 forms many different-sized punctate structures (arrows) in the 
seam cells (and other tissues) of fully anesthetized L3 larvae mounted in a final concentration of 
0.2 mM (C), or 2 mM (D) tetramisole in M9 medium on a 2% agarose pad. Punctate structures start 
appearing 5 min after mounting. (E-F) GFP::LGG-1 forms many different-sized punctate structures 
(arrows) in the seam cells (and other tissues) of fully anesthetized LC3 larvae mounted in a final concen- 
tration of 0.2 mM (C) or 2 mM (D) levamisole in M9 medium on a 2% agarose pad. Punctate structures 
start appearing 5 min after mounting. Scale bar: 5 um. 


autophagosomes, and autolysosomes represent 3 main consecu- 
tive stages of the autophagic process (Fig. 11A—C). In C. elegans, 
phagophores are extremely rare under control conditions; only a 
single one was identified in sections from several hundred 
worms.” In contrast, autophagosomes and autolysosomes are far 
more frequent, both compartments occupying 10°°-10°'% of 
the cytoplasmic volume, similar to mammalian cells. Large, 
complex, and darker appearing autolysosomes may also occur 
infrequently; however, in dauers and starved worms they are 
found in high numbers (Fig. 11D). The changes in autophagic 
structures and numbers may reflect elevated or impaired autoph- 
agy. If major increases occur in the quantity of the 3 basic com- 
partments, but their relative cytoplasmic ratios do not show a 
significant shift, autophagic flux appears to be increased, such as 
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| Figure 8. Expression of SQST-1 aggregates at larval stages. (A and B) SQST-1::GFP is weakly expressed 


| in wild-type L4 larvae. bpls151(sqst-1p:: sqst-1::gfp) was used. (C and D) In epg-9 mutants, SQST-1::GFP 
accumulates into aggregates in multiple tissues. (A and C) DAPI images of the animals shown in 
(B and D), respectively. Scale bar: 20 um. 


during starvation conditions. A similar expansion occurs in larval 
stages right after hatching or molting, probably as a consequence 
of unavoidable fasting during the embryonic or the lethargus 
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| Figure 9. Accumulation of SQST-1 aggregates in the intestine in rp/-43 mutants. (A and B) SQST-1::GFP 

| accumulates into a large number of aggregates in the intestine in rp/-43 mutant L4 larvae. (C-F) Accu- 
| mulation of SQST-1 aggregates in rp/-43 mutant L4 larvae is suppressed by elevated autophagy activity 
| induced by starvation (C and D) or by lin-35 inactivation (E and F). (A, C, and E) DIC images of the ani- 
| mals shown in (B, D, and F), respectively. Scale bar: 20 um (A-F). 
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phase.“ The relative increase in auto- 
phagosome quantity may be the conse- 
quence of diminished fusion with 
endosomes and lysosomes. Conversely, 
the preferential expansion of darker 
autolysosome compartments may be 
the consequence of impaired lysosomal 
digestion.“ 

TEM analysis of autophagic struc- 
tures has also been performed in several 


autophagy mutants. unc-51(e369) 
mutants contain large complex "mye- 
linated" autophagic structures 


(Fig. 11E).*” In epg-3, epg-4, epg-6, atg- 
2, and atg-18 mutants, phagophores are 
far more abundant than in control cells 
since autophagosome formation is 
inhibited.’ In epg-4 atg-2 
mutants, finely layered, possibly phos- 
pholipid, structures associated with 


and 


rough endoplasmic reticulum (RER) 
and phagophores are observed. Further- 
more, in epg-4 mutants, large areas of 


RER are devoid of ribosomes while their inner space becomes 
empty like that of the phagophore.* These observations indicate 
the involvement of these genes in the formation of the early phag- 


ophore and its further progress to create 
autophagosomes. 

Cautionary notes: The application 
of TEM to autophagy studies is rela- 
tively time consuming and demands 
high-level technical expertise in the 
recognition of subcellular structures. 
Although there are pitfalls in detecting 
and identifying all 3 major compart- 
ments, 4 a major problem specific 
to C. elegans is the presence of many 
types of membrane-bound secretory 
and protein granules that may resem- 
ble autolysosomes and are especially 
numerous in intestinal cells (Fig. 11F— 
H). A sequential step-by-step analysis 
of the deterioration of the autophagic 
contents during the degradation pro- 
cess may help to overcome this identi- 
fication difficulty. Only structures that 
follow the delineated morphological 
features found by a serial analysis can 
be determined as autophagic in ori- 
gin.” The size of each autophagic sub- 
compartment 
autophagosome, 


(i.e., phagophore, 

autolysosome) is 
determined by the ratio between the 
rate of autophagy induction and the 
rate of autophagic degradation. There- 
the size of a 


fore, growth in 
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subcompartment may come from the 
relative increase of the rate of autoph- 
agy induction and/or the relative 
decrease in autophagic degradation. 


Biological Processes Linked to 
Autophagy in C. elegans 


Autophagy plays critical roles in a 
processes 


number 


of physiological 


HLH-30::GFP 


HLH-30::GFP 


let-363(RNAi) 


occurring during development and in 
adult C. elegans. In addition to the 
removal of a variety of protein sub- 
strates and paternal mitochondria fol- 
lowing fertilization, autophagy also 
regulates survival of L1 larvae, dauer 
development, aging, cell fate specification, cell death, and cell 
corpse removal. However, defects in these processes can also 
result from loss of function of genes independent of autophagy 
activity. These phenotypes can therefore only provide supporting 
evidence for autophagy regulation, and should not be used as an 
indicator of autophagic flux during development. 


L1 larvae survival 

Under food deprivation conditions, newly hatched larvae 
arrest at the L1 (first larval) stage and maintain viability for 1-2 
weeks. Autophagy, which generates survival materials such as 
macromolecules and ATP, regulates L1 survival in the absence 
of food. Starvation activates autophagy, possibly through the 


Figure 10. HLH-30::GFP translocates to the nucleus upon LET-363/TOR inactivation in adult animals. (A) 
HLH-30::GFP shows diffuse localization in the cytoplasm in the intestine of day 1 animals. (B) HLH-30:: 
GFP translocates to the nucleus following whole-life let-363/TOR RNAi treatment. Scale bar: 300 um. 


sos 28,50 
Muscarinic 


acetylcholine signaling pathway. Reduced 
autophagy activity caused by loss of function of essential 
autophagy genes decreases the L1 survival rate during starva- 
tion. ??1"17748 An excessive level of autophagy also shortens 
L1 survival. In gpd-2 mutants, in which muscarinic acetylcho- 
line signaling is overactivated, starvation induces excessive 
autophagy, which in turn exerts a prodeath effect.” Thus, 
decreased survival of L1 larvae could be attributed to either 
insufficient or excessive levels of autophagy. 

Cautionary notes: Embryos should be washed completely to 
remove any bacteria before suspension in M9 buffer for analysis. 
The total number of L1 larvae is counted after the animals are 
seeded on the plates at time 0, and the viable animals are exam- 


ined after growing them overnight. 


Figure 11. Electron microscopy images of autophagic structures in wild-type and autophagy mutants. (A-D) The 3 main autophagic structures (subcom- 
partments): (A) phagophore; (B) autophagosome; (C) light-type, actively digesting autolysosome; (D) autolysosomes with dark undigested content— 
they may frequently have irregular shapes. (E) Complex myelinated autophagic structure in a hypodermal cell of an unc-51(e361) mutant. (F-H) Three 
types of secretory vacuoles, which are similar to autolysosomes. Scale bars: 500 nm. 
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Dauer formation 

In response to harsh environmental conditions, such as low 
food abundance, high temperature, and/or overcrowding, C. ele- 
gans larvae arrest in the second molt as dauer larvae. Dauer larvae 
undergo morphological and metabolic changes that allow them 
to survive harsh environmental conditions, such as radial con- 
striction of the body and constriction of the pharynx, lack of pha- 
ryngeal pumping, closure of oral cavities, and the formation of a 
specialized cuticle with lateral ridges, referred to as dauer 
alae.°!? Thus, dauer animals are adapted to resist metabolic and 
environmental stresses. They are also long-lived, as they can live 
as dauers for months.’ Several evolutionarily conserved path- 
ways regulate the decision to enter dauer development, such as 
those involving guanylyl cyclase, TGFB (transforming growth 
factor), and INS/IGF1 (insulin/insulin-like growth factor 1 
[somatomedin C]), and a steroid hormone signaling pathway.” i 
Mutants in these pathways, for example loss-of-function mutants 
in daf-2, are constitutive dauers at the restrictive temperature, 
even in the presence of food. daf-2 constitutive dauers show an 
increase in GFP::LGG-1-positive puncta in hypodermal seam 
cells, as well as an increase in autophagosomes as visualized by 
TEM.'° These increases are interpreted as an increase in autoph- 
agy activity, since autophagy genes are required for many of the 
changes associated with the development of daf-2 dauers and 
similarly for daf-7/TGFB dauers.'° 

Cautionary notes: Autophagy genes are required for normal 
development and their loss during development may cause pleio- 
tropic defects. RNAi feeding to partially inactivate gene activity 
can be used to investigate the role of a gene in dauer formation. 


Aging 

The life span of animals is influenced by several conserved 
longevity paradigms, including dietary restriction, LET-363/ 
TOR signaling, INS (insulin) signaling, and germline removal.” 
As a key catabolic process in degradation of damaged organelles 
and harmful protein aggregates, autophagy is thought to act 
downstream of these signaling pathways to modulate the life 
span of the organism.°°*” Specifically, long-lived C. elegans 
mutants, such as daf-2, let-363/TOR(RNAi) mutants, dietary- 
restricted eat-2 mutants, mitochondrial respiration c/k-J mutants 
and germline-deficient g/p-1 mutants, exhibit increased levels of 
GFP::LGG-1 puncta as well as increased expression of at least 
some autophagy genes (e.g., /gg-1), and require autophagy genes 
(e.g.,, lge-1, bec-1, and atg-18) for their life-span extension. "7 
13,40,43,58.59 These observations imply that autophagy activity 
may be induced in these long-lived animals, contributing to their 
life-span extension. At least part of the induction of autophagy 
gene expression in such long-lived mutants is regulated by the 
transcription factor HLH-30/TFEB.**"*° 

Cautionary notes: All autophagy mutants analyzed to date are 
poorly developing, unhealthy and short-lived, likely since devel- 
opmental processes are affected in these animals. For this reason, 
RNAi feeding after the L4 stage ("adult-only" RNAi) can be used 
to postdevelopmentally inactivate a particular autophagy gene to 
investigate its role specifically in the aging process. 
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Necrotic death of touch neuron 

The gain-of-function mutation in mec-4, which encodes a 
toxic ion-channel variant, causes necrosis-like degeneration of 6 
touch receptor neurons. Touch receptor neurons can be visual- 
ized by Pye-42!GFP, a gfp reporter driven by the mec-4 promoter. 
Loss-of-function of epg-1, bec-1, lgg-1, and epg-6 reduces degen- 
eration of touch neurons caused by mec-4 gain-of-function muta- 
tions,”’*"!>79 indicating that autophagy activity is essential for 
the necrotic death of touch neurons. 

Cautionary notes: Touch neuron death is usually counted as 
the complete absence of the normal P,,,,..¢:GFP fluorescent sig- 
nal. Animals at the same developmental stage, such as L2 larvae, 
should be examined to determine the number of touch neurons 
marked by P „e-4::GFP. 


ASEL/ASER cell fate specification 

Autophagy degrades key components of the miRNA-induced 
silencing complex (RISC) and thus modulates miRNA-mediated 
gene silencing.” © The C. elegans GW182 homolog AIN-1, a 
component of RISC, is selectively degraded by autophagy and 
colocalizes with SQST-1 in autophagy mutants.°? Autophagy 
regulates various developmental processes controlled by miRNA. 
The /y-6 miRNA controls left-right asymmetry of the 2 taste 
receptor neurons ASE left (ASEL) and ASE right (ASER) by 
repressing cog-I expression in ASEL.°? Loss of dsy-6 activity causes 
the ASEL neuron to adopt the ASER fate. /sy-6(0t150) hypomor- 
phic mutants display incomplete ASEL to ASER fate transforma- 
tion. The ASEL fate specification phenotype in /y-6(ot150), 
visualized by the Piim-6::GFP reporter, is partially rescued by loss 
of autophagy activity, and is exacerbated by elevated autophagy 
activity caused for example by inactivation of LET-363/TOR 
signaling. 

Cautionary notes: The expression of the Piim-6::GFP reporter 
in /sy-6(ot150) mutants shows some degree of variation under dif- 
ferent growth conditions. A large number of larval animals at the 
same developmental stages should be examined and control ani- 


mals should be included in parallel. 


Regulation of cell corpse number during embryogenesis 

During C. elegans embryogenesis, 113 somatic cells undergo 
programmed cell death.® Cell corpses are phagocytosed and 
removed by neighboring cells. The cell corpse-containing phago- 
some undergoes a series of maturation processes and eventually 
fuses with lysosomes for degradation. Mutations in autophagy 
genes acting at different steps of autophagosome formation and 
maturation cause an increased number of cell corpses.°°°” Loss 
of autophagy activity does not affect the generation of cell corp- 
ses, but the maturation of cell corpse-containing phagosomes is 
impaired in autophagy mutants.°” 

Cautionary notes: The number of cell corpses varies in differ- 
ent embryonic stages. Embryos at the same developmental stage 
should be used for analysis. 


Impaired y-ray-induced germline cell death 


During C. elegans oogenesis, a large proportion of germ cells 
at the meiotic pachytene stage undergo programmed cell death 


Volume 11 Issue 1 


Table 2. Methods to monitor autophagy activity in C. elegans. 


Embryonic stages 


Larval stages 
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Method 


1. LGG-1 protein gel blotting 
2. LGG-1 immunostaining and GFP:: 
LGG-1 


3. LGG-2 immunostaining and GFP:: 
LGG-2 

4. Degradation of PGL-1 and PGL-3 
in somatic cells 


5. Degradation of SEPA-1 


6. SQST-1 turnover 


7. Degradation of SEPA-1 family 
members 


8. Paternal mitochondria and 
organelle removal 


1. LGG-1 western blotting 


2. GFP::LGG-1 


3. GFP::LGG-2 


4. SQST-1::GFP turnover 


5. W07G4.5::GFP turnover 


6. SQST-1::GFP in rpl-43 mutants 


6. Transcriptional regulation 


Description? 


Accumulation of LGG-1-II can result from either 
elevated or impaired autophagy. 

Different autophagy mutants show distinct 
morphology and distribution patterns of 
LGG-1 puncta. LGG-1 puncta also accumulate 
in embryos with elevated autophagy. 

GFP::LGG-2 puncta accumulate in some 
autophagy mutants. 

Accumulation of PGL-1 and PGL-3 in somatic 
cells indicates impaired autophagy. 
Accumulation of PGL granules in 
hypomorphic autophagy mutants can be 
suppressed by elevated autophagy. 

SEPA-1 granules, detected by anti-SEPA-1 or 
SEPA-1::GFP, accumulate in late stage 
embryos when autophagy is inhibited. The 
number of SEPA-1 granules decreases in 
early stage embryos when autophagy is 
induced. 

SQST-1 aggregates, detected by anti-SQST-1 or 
SQST-1::GFP, accumulate when autophagy is 
inhibited. The amount of SQST-1 increases 
when autophagy is inhibited. 

Autophagy inhibition causes accumulation of 
aggregates formed by SEPA-1 family 
members. 


Autophagy inhibition leads to persistence of 
paternal mitochondria and MOs in embryos 
beyond the 8-cell stage. 


Accumulation of LGG-1-Il can result from either 
elevated or impaired autophagy. 

GFP::LGG-1 puncta accumulate in multiple 
tissues, including seam cells and intestinal 
cells, upon induction of autophagy, but also 
in mutants of autophagy genes acting at 
distinct steps of the autophagy pathway. 
Autophagy can be blocked in adult worms 
by bafilomycinA1 injection. 

GFP::LGG-2 puncta accumulate in multiple 
tissues, including seam cells and neurons. 
SQST-1::GFP accumulates into a large number of 

aggregates in multiple tissues when 
autophagy is inhibited. Accumulation of 
SQST-1::GFP aggregates in hypomorphic 
autophagy mutants is suppressed and the 
amount of SQST-1::GFP is reduced upon 
autophagy induction. 

W07G4.5::GFP aggregates accumulate in the 
intestine when autophagy is impaired. When 
autophagy is induced, W07G4.5::GFP 
aggregates in wild-type animals or 
hypomorphic autophagy mutants decrease 
and the amount of W07G4.5::GFP is reduced. 

Suppression of SQST-1 aggregates in rpl-43 
mutant intestinal cells suggests elevated 
autophagy. 


Autophagy 


Reagents and references 


Anti-LGG-1 (ref. 4) 


adls2122(Igg-1p::gfp::lgg-1) (ref. 10, 
28),dkIs398(pie-1p::gfp::lgg-1) (ref. 
29) 


Anti-LGG-2 (ref. 30), pmcls2(Igg-2p:: 
gfp::lgg-2) (ref. 30) 

bnis1(pie-1p::gfp::pgl-1) (ref. 88), 
Anti-PGL-1 (ref. 89, 7), Anti-PGL-3 
(ref. 90, 7), monoclonal K76 (ref. 
89) 


Anti-SEPA-1 (ref. 7), bpls131(sepa- 
1p::sepa-1::gfp) (ref. 7) 


Anti-SQST-1 (ref. 4), bp/s151(sqst-1p:: 
sqst-1::gfp) (ref. 4) 


bpls132(c35e7.6p::c35e7.6::gfp), 
bpls128(zk1053.4p::zk1053.4::gfp), 
bpls129(t04d3. 1p::t04d3.1::gfp), 
bpls126(f44f1.6p::f44f1.6::gfp), 
bpls120(zk1053.3p::zk1053.3::gfp) 
(ref. 7, 16, 35) 

Mitochondria: dk/s623(spe-1 1 p::hsp- 
6::gfp) (ref. 29), pmcls1(ant-1.1p:: 
ant-1.1::GFP) (ref. 30), uaDf5 (ref. 
38). MOs: monoclonal 1CB4 (ref. 
36), SP56 (ref. 37) 

Anti-LGG-1 (ref. 4) 


adls2122(Igg-1p::gfp::lgg-1) (ref. 10, 
28) 


ppEx108(Igg-2p::gfp::lgg-2) (ref. 24) 


bpls151(sqst-1p::sqst-1::gfp) (ref. 4). 


bp|s239(w07g4.5p::w07g4.5::gfp) (ref. 
35) 


bpls151(sqst-1p::sqst-1::gfp) (ref. 4) 


sqls19(hlh-30p::hlh-30::gfp) (ref. 43) 


(continued on next page) 
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Table 2. Methods to monitor autophagy activity in C. elegans. (Continued) 
Method 


Description? Reagents and references 


qRT-PCR to determine expression of various 
autophagy genes. HLH-30/TFEB nuclear 
translocation leads to upregulation of 
autophagy genes. 


7. Transmission electron microscopy 


Monitor autophagic structures, number and 
volume. 


Quantification of the number of punctate structures can be performed by manual live counting at the microscope, manual counting of pictures, or auto- 
matic counting, e.g., by Imaris software when using confocal microscopy. Immunoblotting analysis can be performed to detect protein levels when weak 


phenotypic effects are observed. 


and act as nurse cells to provide cytoplasmic components for 
maturing oocytes. DNA damage (induced for example by 
y-ray irradiation) or various environmental stresses (e.g., oxi- 
dative, heat and osmotic stresses) also trigger the death pro- 
gram in meiotic pachytene-stage germ cells.” In autophagy 
mutants, fewer germ cells execute the death program upon 
y-ray treatment.’’ Autophagy also contributes to physiologi- 
cal germ-cell death and post-embryonic cell death in ventral 
cord neurons when ced-3 caspase activity is partially 
compromised.”! 

Cautionary notes: Animals at the same developmental stage 
should be used for treatment and the number of cell corpses 
needs to be analyzed at the same time after the treatment. For 
y-ray irradiation, L4 worms are aged for 12 h before being 
treated with 120 Gy y-rays (Gammacell 1000). Germ cell corpses 


are quantified 24 h post-irradiation. 


Degradation of lipid droplets 

Lipophagy, autophagy-mediated degradation of lipid drop- 
lets, regulates fat storage in mammals and C. elegans”? 
Genetic evidence in worms has defined a number of lipolytic 
enzymes that are thought to mediate lipid mobilization 
through lipophagy. The genes /ipl-1 and lipl-3, which encode 
liposomal lipases, transcriptionally respond to autophagy-acti- 
vating stimuli, including but not limited to starvation and 
inactivation of /et-363/TOR signaling, daf-2/INS signaling, 
or Sma-Mab/TGEB signaling.*° 
genes lgg-1, lgg-2, and atg-16.2, and the transcriptional regu- 


Similarly, the autophagy 


lator Alh-30/Tfeb are induced by autophagy-activating stim- 
uli.“?“° Therefore, quantitative PCR of /ip/-1, lipl-3, and lgg- 
1, lgg-2, atg-16.2, and hlh-30/Tfeb, can be used as a proxy to 
assess lipophagy. This approach, in combination with quanti- 
fication of cytoplasmic fat stores through fat staining such as 
with Oil Red O, can provide insight into the effect of genes 
or treatments on autophagy-mediated lipid mobilization.” 

Cautionary notes: Fat levels change significantly during devel- 
opment. Therefore, animals at the same developmental age 
(vulva/germline development) and not chronological age (time 
from hatching or seeding) should be compared. The dynamic 
range for Oil Red O is optimal in young adults (6-24 h from L4 
to adult molt at 20°C). 
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Xenophagy 

A variety of bacterial pathogens, including the gram-negative 
bacterium Salmonella enterica serovar Typhimurium, can infect 
and kill C. elegans.'*’**° Xenophagy, the selective degradation 
of microorganisms through an autophagy-related mechanism,” 
engulfs and destroys invading Salmonella in several model sys- 
tems including C. elegans.'*8!®> Compared to wild-type C. ele- 
gans, autophagy-deficient worms die much faster and accumulate 
more Salmonella inside the body," indicating that autophagy 
protects C. elegans against Salmonella infection by limiting the 
replication of the bacteria. Additionally, inhibition of the 
autophagy gene bec-1 in the intestine but not in other tissues con- 
fers susceptibility to Salmonella infection, which indicates that 
autophagy acts cell-autonomously in the intestinal epithelial cells 
to defend against Salmonella infection in C. elegans.” Moreover, 
autophagy mediates the insulin-like signaling-regulated pathogen 
resistance in long-lived daf-2 mutants with increased autoph- 
agy. "%4 When daf-2 mutant animals are treated with RNAi to 
silence the expression of autophagy genes, the increase in autoph- 
agy is suppressed to basal levels (as observed in wild-type animals) 
and the resistance of daf-2 mutants to Salmonella infection is 
abrogated.’ Thus, the decreased survival of C. elegans when 
infected by Salmonella results from reduced autophagy. 

Cautionary notes: Life span is used to measure the influence 
of xenophagy on survival of C. elegans infected by Salmonella. 
The effect of autophagy deficiency on life-span may mask the 
killing effect of Salmonella infection. The level of autophagy defi- 
ciency, which can be modulated by altering the concentration of 
the RNAi inducer isopropylthio-B-galactoside/IPTG used in the 
RNAi feeding experiment, 4 should have no effect on life 
span. If it is impossible to achieve a desired partial suppression of 
autophagy, the Cox proportional-hazards model can be per- 
formed to compare survival times and estimate hazard (risk) 
ratios among control groups and Salmonella-infected groups to 
evaluate the effect of inhibition of xenophagy on survival of ani- 
mals infected with Salmonella." 


Conclusion and Perspectives 
Recent studies have established C. elegans as a powerful genetic 


model to delineate the autophagy pathway, such as through the 
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identification of metazoan-specific autophagy genes. Moreover, 
C. elegans has emerged as an excellent model system to reveal the 
functions of autophagy under physiological and stress conditions 
at the subcellular, tissue-specific, and organismal levels. For these 
studies, multiple assays for monitoring the autophagy process 
have been developed, yet it is important to note that each assay, 
summarized above, has its limitations and thus a combination of 
these assays (summarized in Table 2) should always be performed 
to make solid claims about autophagic activity. The development 
of additional assays, for example of tandem (i.e., mCherry::GFP) 
LGG-1 and LGG-2 reporters for expression in somatic tissues, as 
well as biochemical methods to assess autophagic turnover, will 
also be critical. With such an extended toolbox, the study of 
autophagy in different tissues at distinct developmental stages 
should aid in understanding whether components of the auto- 
phagic machinery are differentially employed and controlled by 
tissue-specific factors. Moreover, it will be interesting to learn 
how different environmental cues and signaling events during 
development and in adult animals are integrated into the auto- 
phagic machinery to control autophagy activity in a tissue- and 
temporal-specific manner. Undoubtedly, studies in C. elegans 
will provide valuable insights into the molecular mechanism of 
autophagy as well as how autophagy dysfunction leads to the 
development of a broad range of human age-related diseases, 
such as metabolic disorders and neurodegeneration. 
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